The purpose of this study is to establish a practical method based on a chemical kinetic model for three-dimensional numerical analysis of the combustion process in direct-injection diesel engines. For saving computational time, a reduced elementary reaction scheme for diesel fuel was constructed. The basis was the Golovitchev detailed elementary reaction scheme. Using an original engine combustion simulation code GTT-CHEM along with the reduced elementary reaction scheme, the combustion process was three-dimensionally analyzed in a direct-injection diesel engine with high-EGR ratios. As a result, the combustion process and NO emission were quantitatively predicted by estimating the initial gas state and the initial composition appropriately. The emission tendency of soot was reasonably assessed by means of φ -T maps.
Introduction
In direct-injection diesel engines, new combustion methods such as a high-EGR (Exhaust Gas Recirculation) and high-pressure supercharging combustion method (1) , and a high-EGR and intake gas cooling combustion method (ITIC-PCI: Intake Temperature and Injection Controlled-Premixed Compression Ignition) (2) have been developed for reducing exhaust emissions (NOx, Soot, etc.). In order to make these combustion methods practical, investigation is necessary on the injection conditions of common rail system, and on gas flow and combustion chamber shape. In searching the optimum condition, long time and much cost are necessary for knowing the spray behavior, combustion process and combustion products in various shape combustion chambers and gas flows though it is easy to change the fuel injection conditions in experiment.
For the reasons mentioned above, the authors have developed the methodology for numerical analysis of combustion in direct-injection diesel engines, and conducted three-dimensional combustion analysis (3) using an ignition model of Schreiber et al. based on a simple five-step reaction mechanism and a combustion model of Reitz et al. Recently, the authors have tried three-dimensional combustion analyses based on chemical kinetic models (4) (5) in order to construct a versatile methodology for numerical analysis of combustion applicable to various fuels and combustion methods. In these numerical analyses, reduced elementary reaction schemes (the number of reactions were about 50-100), which were derived by simplifying detailed elementary reaction schemes, have been used for reducing computational time, and the MPI (Message Passing Interface) parallel computation using multiple personal computers (4-8 machines) has been conducted. This has enabled practical combustion simulation within several days.
The aforementioned engine combustion analyses based on elementary reaction schemes were conducted for the combustion process of gaseous fuels. In this study, however, three-dimensional analysis on the basis of a chemical kinetic model is tried for fuel spray combustion in a direct-injection diesel engine as a new object of analysis. Since the effects of initial gas temperature and composition in the cylinder on chemical reactions are large, especially under high-EGR conditions, a method of estimating initial gas states under EGR conditions is examined, and investigation is conducted on the possibility of predicting the ignition and combustion of fuel spray and the combustion products by means of numerical analysis based on an elementary reaction scheme under high-EGR conditions.
Computational method

Method of numerical analysis
In this study, three-dimensional numerical analysis of gas flow, fuel spray and combustion is conducted by means of the GTT-CHEM (4) (5) code, which is a combination of the engine thermo-fluid analysis code GTT (6) developed by the authors with the general-purpose chemical kinetics calculation code CHEMKIN-II (7) . This code can analyze the process of mixture formation under real fuel injection engine conditions on the basis of the discrete droplet model (DDM), because computational submodels for droplet breakup, mutual impingement and coalescence of droplets, spray impingement on walls, formation of liquid film, and vaporization of droplet and liquid film are included in it.
As in the previous paper (5) , the turbulent combustion model of Kong et al. (8) is used in this study as a combustion model in which both effects of the chemical reactions based on elementary reactions and the turbulent mixing are taken into consideration. In this model, the mass fraction
of each gas component (chemical species) j in a computational cell at a new time step after a time increment t Δ is expressed by Eq. (1): 
where fuel Y is the mass fraction of fuel vapor, and Y * fuel is approximated zero.
In Eq. (1), t τ is a characteristic time (turbulent timescale) which is determined by the turbulent mixing rate, and is given by Eq. (3):
where k is the turbulence energy, and ε is the rate of dissipation of turbulence energy. The symbol t C is a model constant (0.142).
The weighting factor (progress variable) f in Eq. (1) 2 O, where n-heptane represents the ignition delay characteristic of gas oil and toluene represents the soot formation characteristic.
In this study, a new reduced elementary reaction scheme (48 chemical species and 87 reactions) is constructed by eliminating elementary reactions, which are not important for the ignition and combustion characteristics, from an elementary reaction scheme (71 chemical species and 287 reactions) derived from the above-mentioned detailed elementary reaction scheme of Golovitchev by eliminating the soot oxidation reactions, since the reaction path concerning soot is simplified for reducing computation time. In this reduction procedure, zero-dimensional engine combustion analysis is conducted using CHEMKIN-II and a software tool (Scheme Reduction Tool) developed by the authors group to support the reduction of elementary reactions. The elementary reactions are selected on the basis of sensitivity analysis without deteriorating the reproducibility of the heat release curve calculated with the original detailed elementary reaction scheme of Golovitchev. The numbers of chemical species and elementary reactions of the above-mentioned reduced elementary reaction scheme are a little different from those of the reduced elementary reaction scheme used in the previous paper (5) , since the treatment of the reactions concerning soot is different.
In order to examine the validity of this reduced elementary reaction scheme, its characteristic of ignition delay in a constant volume vessel is verified. The comparison between the calculated values of ignition delay and the experimental ones (10) for n-heptane, which has similar ignition characteristic to gas oil, is shown in Fig. 1 . From this figure, it is found that the calculated values of ignition delay with the reduced elementary reaction scheme coincide with the calculated ones with the detailed elementary reaction scheme at both pressures. Although there exist slight discrepancies between both calculated values of ignition delay and the experimental ones at 1.35 MPa, the calculated values at 4.1 MPa which is near the pressure under engine combustion conditions agree well with the experimental values. From these results, the validity of the reduced elementary reaction scheme constructed in this study is confirmed. Therefore, combustion analysis is conducted using this elementary reaction scheme.
Calculation conditions
Engine specifications
The main specifications of a test engine to be analyzed are shown in Table 1 . The computational grid for the engine is shown Fig. 2 . The shape of the combustion chamber is a toroidal type. 
Experimental and computational conditions
Three-dimensional combustion simulation is conducted in four cases corresponding to constant-load experimental conditions (Cases 1 -4) shown in Tables 2 and 3. Table 2 shows fuel injection conditions and Table 3 shows the initial gas state and composition (P inm and T inm are intake manifold pressure and temperature, respectively).
In Case 1, EGR is added with such a quantity as does not make soot emission worse under a normal diesel combustion condition. In Case 2, EGR quantity is increased furthermore to such an extent as making NOx emission sufficiently low under a normal diesel combustion condition. In Case 3, the fuel injection timing is made earlier for causing PCI combustion, and also EGR quantity is increased to such an extent as making NOx and soot emissions sufficiently low. In Case 4, namely in ITIC-PCI combustion method (2) , NOx and soot emissions are decreased by strongly cooling the intake gas containing large quantity of EGR, with keeping the controllability of ignition timing by fuel injection timing. In every case, the fuel injection timing is set so that high-temperature ignition occurs at compression TDC.
As an example of needle lift and fuel injection rate, their measured values in Case 1 are shown in Fig.3 . The fuel injection conditions in spray calculation are set on the basis of the needle lift and fuel injection rate in each case. The total number of injection droplet parcels is set at 16000 in every case.
Method for estimating initial gas temperature and composition
In this study, uniform initial conditions (initial gas temperature, pressure and composition) and swirling flow (solid body rotation is assumed) are set in the cylinder at intake BDC, and numerical analysis is conducted during compression stroke and expansion stroke (the crank angle of intake TDC is defined as 0 deg.ATDC, and that of compression TDC is defined as 360 deg.ATDC). At that time, the initial temperature and composition of in-cylinder gas at intake BDC are estimated on the basis of the following assumptions: -Fuel is burned completely and changed wholly into CO 2 and H 2 O. -The volume of residual gas is equal to the in-cylinder gas volume at compression TDC. -The composition of EGR gas and that of residual gas are equal to the composition of burned gas. -The initial gas pressure in the cylinder, P ini , is approximated by 
Fig.3 Example of needle lift (arbitrary unit) and injection rate (Case 1)
the gas pressure in the intake manifold, P inm .
The estimation procedure of initial gas temperature and composition in the cylinder is as follows:
(1) The burned gas composition is estimated by the following reaction equation: C n H m ＋λ(n＋m/4)(O 2 ＋3.76N 2 ) →ｎCO 2 ＋m/2･H 2 O＋(λ-1)(n＋m/4)O 2 ＋λ(n＋m/4)3.76N 2 , where n=14 and m=28. (2) The ratio of air and burned gas in the cylinder is determined according to the EGR ratio and the residual gas ratio. (3) The initial gas composition (Y j ) ini is determined on the basis of the results of above-mentioned (1) and (2) . (4) The volume of O 2 is calculated from the above-described (Y j ) ini and the cylinder volume V at BDC. (5) The mass of O 2 is calculated from the fuel injection quantity and the excess air ratioλ. (6) The initial gas temperature T ini is determined from the results of above-mentioned (4) and (5) and the equation of state P ini V=NRT ini （N：number of moles, R：gas constant） ．
The initial oxygen concentration O 2ini estimated with the above-mentioned method in each case is shown in Table 3 . When numerical combustion analysis is conducted using the initial gas temperature T ini estimated with this method, however, the discrepancy between the calculated result of ignition timing and the experimental one becomes slightly larger in Case 1 having larger λ . Therefore, in this study, a slightly adjusted value of T ini is used for making the calculated ignition timing fit to the experimental one (the value of T ini in each case is shown in Table 3 ). The computation time necessary for one case was about 40-50 hours using an MPI server computer system consists of AMD Opteron (2.2 GHz) 4 cores.
Calculated results
Cylinder gas pressure and the rate of heat release
The calculated results of the cylinder gas pressure and the rate of heat release (ROHR) in each case are compared with the experimental ones in Figs.4(1)-(4) . It is found from these figures that the calculated results of cylinder gas pressure agree well with the experimental ones in every case. Furthermore, concerning the histories of ROHR, their calculated results in the high-temperature oxidation period coincide considerably well with the experimental ones in every case. However, the histories of ROHR in the low-temperature oxidation period peculiar to PCI combustion in Cases 3 and 4 are not reproduced by calculation. This seems owing to the problem in the From the aforementioned results, it is found that the method of combustion analysis proposed in this study is useful for predicting the combustion process in high-EGR direct injection diesel engines, though there exists some room to improve the reduced elementary reaction scheme constructed by the authors.
NO production
The calculated results of NO production history for every case are shown in Figs.5(1)-(4) . In these figures, the experimental results of NO emission are also plotted. The calculated results of NO emission (NO concentrations at 450 deg.ATDC) are compared with the experimental ones for every case in Fig.6 . The calculated results of NO can reproduce the variations in experimental results almost quantitatively: NO emission varies largely between cases, and the value in Case 1 is the maximum, and the value in Case 3 is the minimum.
Prediction of soot emission by means of φ −T maps
The experimental results of soot emission are shown in Fig.7 . The soot emission in Case 2 is much larger in comparison with that in the other cases. Here, the soot emission is not an object of quantitative prediction, because the elementary reactions concerning the soot are simplified in the reduced elementary reaction scheme used in this study. Therefore, as for the prediction of soot emission, qualitative investigation is conducted on the basis of φ −T (equivalence ratio-temperature) maps.
The relative values of ROHR in each computational cell at the timing of maximum ROHR (362-365 deg.ATDC: different with cases) and at the later timing of combustion (380 deg.ATDC) are obtained from the results of three-dimensional combustion analysis. Their values are plotted on φ − T maps as shown in Fig.8 . Here, the relative value of ROHR is the ratio of the ROHR value at each time to the maximum ROHR value. The sum of the relative ROHR values in computational cells, where the equivalence ratio and gas temperature are within φ − φ +Δφ and T − T+Δ T, respectively, is plotted at each φ and T point on a φ −T map.
The soot generation zone drawn in each φ −T map is expressed with the iso-value lines (every 1%) of the ratio of the soot mass to the burned fuel mass, and the NO generation region is expressed with the iso-value lines (50, 100, 500, 1000 and 5000 ppm) of NO concentration. Both of these regions are obtained by conducting the 0-dimensional detailed elementary reaction calculation using CHEMKIN-II under the conditions of gas pressure and composition (EGR ratio) in the cylinder at the timing of maximum ROHR and at the later timing of combustion (380 deg.ATDC), respectively.
From Fig.8 , it seems that in Case 1, NO emission is high but soot emission becomes low because soot is oxidized in the high-temperature NO generation zone when the combustion region enters into this region at the later timing of combustion after escaping from the soot generation region where combustion occurs at the timing of maximum ROHR.
In Case 2, where the excess air ratio is lower than in Case 1, it is presumed that soot emission becomes very high because soot is not oxidized so much owing to relatively low combustion temperature after large amount of soot is generated in the soot generation region at the timing of maximum ROHR, since combustion occurs in a richer mixture region.
On the other hand, in Case 3, it appears that both of NO and soot emissions become low because combustion occurs in a leanmixture and low-temperature region due to early injection and high EGR. In this case, however, it is presumed that HC emission will increase because combustion occurs at a lower temperature region in later combustion period; two-times or more HC emission is measured in experiment in Case 3 than in the other cases.
In Case 4, it seems that soot emission becomes lowest because combustion occurs in a leaner mixture region and less soot is formed than in Case 1, and furthermore soot is oxidized since combustion occurs in a higher temperature region than in Case 3 at the later timing of combustion.
From the aforementioned results, it has been shown that soot emission can be predicted qualitatively by means of φ −T maps.
Conclusions
The following findings on the combustion process in a high-EGR diesel engine have been obtained by three-dimensional numerical analysis based on chemical kinetics and making comparison between calculated results and experimental ones.
1. A new reduced elementary reaction scheme for diesel surrogate fuel has been constructed. By means of combustion analysis using this scheme, the combustion process (histories of the cylinder gas pressure and the rate of heat release) under various conditions of EGR ratio and intake gas temperature can be predicted reasonably well.
2. The NO emission can be predicted almost quantitatively, but the soot emission can be predicted qualitatively by means of φ −T maps.
3. It has been shown that the proposed calculation method is a versatile one which can predict the combustion process and products in a diesel engine even under high-EGR conditions in practical computation time by giving appropriate initial conditions.
